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ABSTRACT

A spectrometric method to measure temperature in a high
temperature gas stream produced by a Gerdien-type arc plasma
generator was developed. The Fowler-Milue peaking function
method was employed which utilized both the spectral line and
continuum radiation in the 4000 A range from an argon plasma.
Excitation temperatures measured from line radiation and elec-
tron temperatures determined from the continuum radiation
agreed within about five percent. The method was found to be
applicable provided temperatures larger than 16, 000°K existed
at the center of the axisymmetric jet; the range of temperature
measurement was then from about 7000 to 28, 000°K.

Comparison of the average temperature obtained using the
spectrometric method with the average temperature obtained
using an energy balance indicated serious disagreement. Com-
parison of the total enthalpy obtained using the spectral tempera-
ture with that obtained from the energy balance also indicated
disagreement. It was then shown that the reason for the disagree-
ment was that the jet consisted of high frequency arc channels
moving about in the stream and that the radiant emission resulted
from these high temperature electrons rather than from the
average gas atoms. Thus, the temperature measured was that of
the electrons and was not the average gas temperature.
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NOMENCLATURE

Total cross-sectional area of axisymmetric jet

The Einstein transition probability of spontaneous emission
The Einstein transition probability of induced emission
The Einstein transition probability of induced absorption
Velocity of light

The number of photons per unit volume (energy density)
having frequency, vnn’

The nt* quantum state of the un-ionized species
The n** quantum energy state of species, r

Measured quantity of radiation at a position, x, along a line
parallel to the radius of the axisymmetric jet

Statistical weight, 2] + 1, where ] is the orbital quantum
number of the n and n” states, respectively

Statistical weight of n** quantum state and rth species
Specific enthalpy
Planck's constant

The intensity of radiation of the spectral line at frequency,

d
Ynn

The intensity of the continuous radiation at frequency, v,
resulting from free-bound transitions

The intensity of the continuous radiation at frequency, v,
resulting from free-free transitions

Quantity of radiation at a radius, r, from the center of the
axisymmetric jet found from the inversion of the measured
function, F(x)

Orbital quantum number
Defined constant
Boltzmann's constant
Mass of the electron

Number of un-ionized, first ionized, second ionized, etc.,
species per unit volume
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Number of electrons per unit volume
Number of ions per unit volume

The number of atoms per unit volume in quantum energy
state, n

The number of atoms per unit volume in quantum energy
state, n”’

Particles per unit volume of the species, r and r + 1, respec-
tively

Particles per unit volume of the species, r, in quantum
state, n

The n'" quantum state

The final total quantum number after a bound-bound or free-
bound transition

The number of transitions per unit time per unit volume from
energy state, n, to lower energy state, n”, producing photons
having frequency, v

Total number of free-bound transitions to all bound quantum
levels per unit volume per unit time producing photons having
frequency, v

The number of free-bound transitions to quantum energy
level, n’, per unit volume per unit time producing photons
having frequency, v

Total number of free-free transitions per unit volume per unit
time producing photons having frequency, v

Geometry variable in the axisymmetric jet, illustrated in
Fig. 9

Geometry variable in the axisymmetric jet,l illustrated in
Fig. 9

Temperature
Electron temperature

Temperature at which maximum calculated intensity of con-
tinuum radiation occurs

Temperature of the un-ionized species

Temperature at which maximum calculated intensity of a
particular spectral line occurs
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Temperature of the species, r

Electronic partition function of the un-ionized species

Electronic partition function of the r and r + 1 species, respec-

tively
Ionization potential for the rtt state of ionization
Velocity

Geometry variable in the axisymmetric jet, illustrated in
Fig. 9

Geometry variable in the axisymmetric jet, illustrated in
Fig. 9

Geometry variable in the axisymmetric jet, illustrated in
Fig. 9

Effective nuclear charge number

Distance from orifice exit to plane of measurement
Electric charge of the electron

Frequency of emitted radiation

The frequency of radiation produced by the transition from
energy state n to lower energy state n’

Frequency of the series limit of bound-bound transitions to
energy level n’

Mass density
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INTRODUCTION

" Knowledge of the effects of real gas interactions such as dissociation
and ionization upon propulsive device performance in the regions of pres-
sure and temperature associated with high-speed flight is presently
limited. Although investigations are becoming more numerous, a rela-
tively minor amount of experimental data has been published. A program
to obtain such data is underway in the Rocket Test Facility (RTF), Arnold
Engineering Development Center (AEDC), Air Force Systems Command
(AFSC). The project was designed to produce information which could be
used in establishing criteria for the design of nozzles to be used to give
ideal expansion in high temperature reacting flows. Three principal
areas of investigation were planned: (1) the development of a high tem-
perature gas source which would provide the desired degree of dissocia-
tion and ionization, (2) the development of measurement techniques for
determining the real state of the gas, and (3) the determination of recom-
bination rates of ionized and dissociated gases. Development of the high
temperature gas source has been completed (Ref. 1), and several reliable
arc plasma generators have been built. Investigations related to the
development of measurement techniques are presented in this report.
Future investigations will be directed toward the measurement of recom-
bination rates.

A general plan was adopted for the development of techniques for
measuring the energy state of the high temperature gas stream produced
by the d-c arc plasma generator. Preliminary analysis of the spectral
emission from the gas stream indicated that the radiation consisted of
spectral lines, which could be attributed to the gas, and a background of
continuous radiation (Ref. 2). Very few spectral lines emitted by either
the argon or the helium plasma were found which could not be identified
as argon or helium lines. The decision was therefore made to utilize the
visible spectrum for the measurement of the energy state of the gas.
Conventional pressure and temperature probe measurements as well as
electrical probes such as the Langmuir probe were considered to be
impractical because of interaction with the gas stream. The probes would
necessarily have been water cooled and therefore large compared with the
size of the plasma stream. Other diagnostic tools such as microwave
apparatus, X-ray apparatus, mass spectrometers, and sonic analyzers
were also considered for measurement of the state of the gas, but it was
concluded that spectral analysis in the visible portion of the electromag-
netic spectrum offered the best possibility for success.

Manuscript released by authors November 1961.
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Early work with arc plasma generators (Refs. 3, 4, and 5) indicated
that the plasma flame exiting from the orifice electrode consisted (at
atmospheric or higher pressure) of a neutral plasma in a state of thermal
equilibrium. On this basis, if the temperature could be determined at
every point in the stream and if the contamination could be shown to be
small, the species concentration, the conductivity (and all other trans-
port properties), the thermodynamic properties, and all other param-
eters related to temperature could be determined. In addition, if the
velocity could also be measured, the recombination rates could be found
using the species concentrations determined from temperature distribu-
tions. The program that was embarked upon was based on this line of
reasoning.

The first step in determining the real state of the gas was thedevelop-
ment of a spectrometric method for the measurement of temperature at
any point in the atmospheric plasma stream. The approach was to
simplify the experimental apparatus as much as possible. Monatomic
gases were used for development of the measuring techniques, and
operating points of the plasma source were chosen to minimize diffi-
culties resulting from the apparatus itself. The gas most used was argon,
although helium was also used on occasion. The spectrometer apparatus
was of the conventional type.

This report describes the spectrometric method employed to measure
temperature and gives some of the detailed calculations required. Results
of these temperature measurements are presented, and the validity of
the measurement is evaluated. Finally, some conclusions are drawn
relating to the use of the atmospheric plasma jet for gas kinetics research
and to modifications which can be made to the jet to render it more useful.

DESCRIPTION OF EXPERIMENTAL APPARATUS

The source of the high energy gas used in the investigations was the
direct-current, arc-excited plasma generator facility (Ref. 1) shown in
Figs. 1, 2, and 3. A gas, argon in this case, entered the arc chamber
tangentially and exited through the orifice electrode (see Fig. 2). The
arc was maintained between the tip of the center electrode and the orifice.
(Such a configuration of electrodes is generally termed the Gerdien-type
configuration.) Energy was added to the gas stream by the interaction of
the arc and the constricted flow within the orifice. The orifice electrode
was the anode in this case because this connection was found to produce
the most stable operation (Ref. 1).

12
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Instrumentation necessary to operate the plasma generator con-
sisted of conventional instruments for indicating and recording gas flow,
arc chamber pressure, electric current and voltage, cooling water flow,
and cooling water temperature rise (Ref. 1). Data obtained from these
instruments were used to construct an energy balance to determine the
total power transferred to the gas. The ranges of parameters for normal
operation of the generator are shown in Table 1.

Several gases have been used in operation of the plasma generator -
helium, nitrogen, argon, air, and mixtures of the inert gases with
hydrogen. Argon was selected for the studies reported here because of
its availability, because of the stability of the generator when this gas
is used, and because a monatomic gas was desired for the ionization
studies. Some of the properties of argon which were of use in this study
are listed in Table 2.

The axisymmetric plasma flame which exits from the orifice of the
generator into the atmosphere radiates a brilliant light immediately
downstream of the exit plane and extends about 20 to 25 mm from the
7-mm-diam orifice, spreading slightly as it proceeds downstream. The
radiating portion of the jet is illustrated in Fig. 4, which is a photograph
taken through a dense, grey filter.

The spectral data in this study were obtained using a Perkin-Elmer
112-U prism instrument equipped with glass optics and a photomultiplier
detector. The spectral range of the instrument was 0. 2 to 15 micron
(only the visible range was used in these experiments), and the data
were recorded on a strip-chart recorder. The spectrometer installation
is shown in Fig. 1, and its ray path is illustrated in Fig. 5.

Profiles across the entire width of the jet were obtained with the
traversing mechanism shown in Fig. 6. The light entered a small col-
limating aperture and was reflected onto the entrance slit of the spec-
trometer by a series of mirrors. The plasma generator mount was
designed so that the unit could be selectively positioned with respect to
the spectrometer to permit traverses at various stations downstream of
the nozzle exit plane.

DEVELOPMENT OF A PROCEDURE FOR SPECTROMETRIC MEASUREMENTS

The radiant electromagnetic energy emitted by a high temperature
gas is in the form of discrete spectral lines having an intensity some-
what greater than a continuous background radiation spectrum. This

13
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high energy radiation, which heretofore has been available only from the
stars and the sun, has been utilized by astrophysicists to determine
stellar atmosphere compositions and star temperatures (Ref. 6). The
astrophysicists have built up a considerable background of information
on methods and applications which can, in large part, be applied to the
recently developed high energy gas sources now found in the laboratory.

The literature abounds with information on the theory of quantum
physics and atomic structure (Refs. 7 and 8). Also, the formulas relat-
ing the radiant intensity of spectral lines and continuum radiation to
equilibrium temperature and other atomic and thermodynamic proper-
ties are well developed. However, there is a serious lack of data on the
various atomic constants to put into these formulas for practical labora-
tory application. The measurement problem consists, therefore, of the
application of the astrophysicists' methods to the radiation from labora-
tory gas sources and the acquisition of fundamental data on atomic con-
stants.

A number of methods utilizing the theoretical relationships of spectral
radiation from the hot gases to the gas temperature have been suggested,
and a few have been applied. Other investigators have considered very
complicated situations such as an air plasma (Refs. 9 and 10) or have
considered the very simple situation such as a direct-current arc in a
closed container with an inert gas atmosphere (Ref. 11).

This report is concerned with the diagnosis of the direct-current,
arc-excited argon plasma jet. It includes the development of a labora-
tory method to measure temperature by application of known theoretical
relationships to spectrometric measurements of the spectral radiation if
an equilibrium temperature can be shown to exist. The species concen-
trations (neutral atoms, ions, and electrons) can be determined from the
measured temperature as functions of the jet geometry. A simple mon-
atomic gas was used to avoid the complications of polyatomic gases and
molecular reactions.

THEORETICAL RELATIONSHIPS FOR SPECTRAL EMISSION

The radiant energy emitted from monatomic plasmas results from
transitions of bound electrons from higher to lower quantum states
(discrete spectral lines) and from transitions of free electrons either to
bound states (recombination) or to free states (Bremmsstrahlung) of
lower energy. Transitions of free electrons produce continuum radiation
because the energy of the free electron is not quantized. In fact, if the
gas is in equilibrium, the electrons will have a continuous, Maxwellian
distribution of energy.

14
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Spectral Line Radiation

The transitions giving rise to spectral lines are referred to here as
bound-bound transitions. The number of such transitions per unit
volume per unit time accompanied by radiation at the discrete frequency,
van’, 18 (Refs. 6 and 7):

Obb (#nn?) = Ann’Nn + Ban’NuD (Vnn') ~ Bn4aNn’D (vnn?) (]_)

where the three components are the spontaneous emissions, the induced
emissions, and the induced absorptions, respectively. The three transi-
tion probabilities are related as follows (Ref. 6):

3
8mhv,,’

3
c

Ann s = Bnn ’

gann f = 8n* Bn n

Assumption of Equilibrium

If a Maxwellian distribution of the energies of the particles in a
system exists, then the system is in a state of thermodynamic equilibrium,
and a temperature can be defined. In a plasma containing neutral atoms,
electrons, and ions in one or more degrees of ionization, equilibrium
implies that there exists a single Maxwellian distribution of the velocities
of each particle species and that a single temperature exists. Further~
more, the excited states of the neutral atoms or ions will be distributed
according to the Boltzmann formula (Ref. 12):

N - Nrgr,n ex r_‘ “r,n
r,n U PL kT, (2)

where the subscript r denotes the r species. The atomic excitation
temperature T, in Eq. (2) was designated with the r species subscript to
illustrate the possibility of measuring the excitation temperature of each
species separately. If the temperatures of the different species turn out
to be the same, then equilibrium must exist.

Another result of the equilibrium assumption is that, for a monatomic
gas, the number densities of the neutral atoms, the electrons, and the
various ionic species can be expressed by the general equation:

3
N.+1N, | V27mk 2U, 4+ 1 32 (_ v,
N, - h gL e v) (3)

This is the generalized Saha equation of ionization (Ref. 13). The tempera-
ture T in this equation is the thermal temperature of the gas.

15
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Continuum Radiation

In a thermally ionized gas, the free electrons are bounding about
with a continuous, Maxwellian velocity and energy distribution. Thus,
if an electron enters the electric field of an ion, it will either be captured
or its path will be altered by the influence of the field. If it is captured,
the recombination results in the transition of the free electron to a bound
quantum state accompanied by the emission of a photon of radiation.
Since the distribution of energy of the electrons before recombination is
continuous, the radiant energy emitted will be continuous with frequency v.
A quantitative accounting for such transitions of free electrons has been
calculated accurately only for a hydrogen gas. However, the general
form of the equations would be the same for more complicated atoms.
The number of such free-bound transitions to quantum level n’ per unit
time per unit volume accompanied by radiation at frequency v is (Refs. 12
and 14):

2 4
. 4m e mg 1 4 NN h ,
Qtp (¥, K= he 2 (1) 7P| T, (¥n’-y) (4)
where
K = 3277266

— 2
343 c’ (27Tme)3/

and T, is the electron temperature. At a given frequency v the total num-
ber of photons resulting from free-bound transitions is the sum of the
transitions to all quantum levels: '

Qb (v) = =, Qsp (¥,n") (5)

If the electron is not captured by the ion, its energy will be altered
to a lower state, again with a transition giving rise to radiant emission
continuous with frequency ». The number of free-free transitions giving
rise to radiation at frequency » is (Refs. 12 and 14): ‘

1 NN, hv
e K .7z NelNy _
Qtr &) hy (kT ) exP( kTe) (6)

where K is the same constant used in Eq. (4).

DEVELOPMENT OF THE EXPERIMENTAL METHOD

Intensity Relationships

The expressions for the spectral line and continuum radiation have
been applied in many ways to the problem of measuring the temperature

16
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of high energy gases (Ref. 12). Initially, a great deal of effort was
applied at AEDC to making temperature measurement by the distribu-
tion of the intensities of several spectral lines. These efforts proved
fruitless because of difficulties in obtaining transition probability data
and an intensity calibration of the spectrometer. Attempts were also
made to measure temperature by Doppler shifts and collision broaden-
ing, but these efforts failed because of the insufficient resolution capa-
bilities of the available spectrometer equipment. The general "peaking
function'" method used in the present work for the measurement of tem-
perature has been used in other applications (Refs. 11 and 15). The
method avoids many of the difficulties resulting from (1) the experimental
error encountered in making absolute measurements or (2) in the calibra-
tion of intensity as a function of wavelength, and it does not require know-
ledge of the transition probabilities. However, the application and
methods presented here are sufficiently different from those noted in the
published literature to warrant a complete description.

Spectral Line Intensity. The intensity of a particular spectral line
of frequency, v,,’, emitted from the neutral atoms of a gas in thermal
equilibrium can be expressed as

bb (van?) @ (%) oxp (= —232) (7)
This relationship results if the induced terms in Eq. (1) are neglected
and Egs. (1) and (2) are combined. [The intensity quantity I used in this
section, Egs. (7), (10), and (12), is related to the quantity Q of the
previous section, Eqgs. (1), (4), and (6), by I = hvQ.] The first part of
Eq. (7), No/U,, decreases monotonically from a finite value at low tem-
perature toward zero at high temperature, since N, decreases with
increasing temperature because of the decreasing density and also be-
cause of increased ionization and since U, increases with temperature.
The second term of Eq. (7) increases monotonically from zero at zero
temperature and approaches unity at high temperatures. Because the
product of these two functions is zero for small values of T and zero for
large values of T but finite in between and because the functions are
monotonic, the intensity must reach a maximum at some temperature,
Tom. Thus, if the temperature at the maximum intensity condition can
be calculated, this point will serve as a calibration point upon which to
base the measurements.

Because all the terms in Eq. (7) are calculable, the product function
can be determined. Thus, N, can be determined by use of the equation of
state for a perfect gas and the Saha equation, Eq. (3), and the atomic
partition function, U,, can be expressed as

U, = %‘.go'n exp (-—- E—]:'—") (8)
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The method of calculating the partition functions and the particle
densities is discussed in Appendixes A and B, respectively. Values of N,
for argon are shown as a function of temperature in the graph in Fig. B1,
which also contains all appreciable ion concentrations and the electron
concentration. The variation of U, with temperature for argon is shown
in Fig. Al.

The 4158 A line of neutral argon was chosen for the present study
because of its prominence and clarity in the spectrum. The transition
for the 4158 A line is 3ps [11/21° - 3p°5p [11/2] where the notation is that
of Ref. 16, 3, and_:che correspggding energy above the ground level is
117,183 em (em x 475 x 10 = cal). The normalized peaking function,
Eq. (7), for the 4158 A line is given in Fig. 7. Note that the maximum
occurs at a temperature of 15, 500°K. Any other visible spectral line of
neutral argon will exhibit a maximum intensity very near 15,000°K since
E,,» ranges only from about 112, 000 to 127, 000 cm

The experimental procedure is thus reduced to a relatively simple
measurement. If a plasma exists in which the excitation temperature at
the center is greater than the reference temperature, T,,, then the
instrumentation problem is to find the position in the plasma where
T = Tom and to normalize all intensity readings to the intensity at this
value of temperature. The means of accomplishing this will be described
in a subsequent section.

Continuum Radiation Intensity. The continuum intensity relation-
ships, Egs. (4) and (6), also exhibit peaking characteristics so that the
electron temperature can be determined in a manner similar to the
method used to determine the atomic excitation temperature. The free-
bound transitions will contribute continuum intensity at a frequency, v,
according to Eqgs. (4) and (5). At a wavelength of 4150 A, the free-bound
radiation from an argon plasma corresponds to transitions having energy
changes greater than 24, 100 cm™’ so that the principal bound state is
3p54p , which has a minimum level of 104, 100 cm™ ' and a maximum level
of 108, 700 ecm™" with a multiplicity of levels between. Assuming that
most of the radiation at 4150 A is the result of transitions to n’ = 4 (note
that the summation in Eq. (4) decreases as 1/(n”)) and taking 106,400 cm™’
as the average level to which the electron falls, the intensity of the free-
bound continuum radiation at 4150 A is [see Eq. (4)]:

Ip (v) = 268 x 10 [% Z"J [eXP ~(i§;’—°)] (9)

where the energy units are relative.
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The contribution to the continuum intensity from an argon plasma
at 4150 A by free-free transitions is given by Eq. (6) and can be expressed
numerically as follows:

-3 | N N; 5 36000
Igs (v) = 5.44 x 10 I:T Z:![exp (~ - )] (10)

T

Again, the energy units are relative and are the same as for Eq. (9).

The ion and electron densities for argon can be found in Appendix B,
and the effective nuclear charge is given by
Ng + 2N, + 3N, + + « -

Z = _
Ng + N, + Ny + -« (11)

Therefore, the functions can be calculated over the temperature range
0 to 50, 000°K.

The total continuum intensity is given by the sum of the free-bound
and free-free contributions. All three functions - free-bound, free-free,
and their sum - are shown plotted on a relative basis in Fig. 8, where
the normalization was taken at the first maximum of the sum relationship.
The resulting peaking function makes possible the determination of elec-
tron temperature in much the same way as the excitation temperature
can be determined from Fig. 7.

It should be noted that at the temperatures considered here, the major
contribution to the continuum intensity results from recombination tran-
sitions. This would not necessarily be true for higher temperatures and
lower gas densities, and such cases would need to be investigated indi-
vidually.

Geometiry Problem of the Axisymmetric Source

In an axisymmetric gas stream the density dependent properties such
as light intensity emission or absorption are necessarily functions of the
radius. However, measurement of such properties can only be made
from the outside, as illustrated in Fig. 9. Such a measurement, denoted
as F(x) in the figure, is a result of all the elements of I(r) dy along the
measurement path, that is:

+Y
F (x) = f I()dy (12)

-Y

At fixed values of X, yz = (1'z - xz) and dy = l‘(rz - xz)_l/z dr, and Eq. (12)
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becomes .
T — X

X

where the limits are modified accordingly.

The measurement of the spectral intensity obtained at different
points along the x-axis using the traversing mechanism shown in Fig. 6
results in a lateral profile, F(x). The measurement of interest, however,
is 1) which can be obtained (Ref. 17) by inversion of Eq. (13) to the form:

I@ =~ 1L ! P
] ——— (14)

m J, VxZ —r?

where F’(x) is the derivative of F (x) with respect to x. Then, if an
experimental distribution, F(x), is known, the derivative can be calcu-
lated, and the integral can be evaluated numerically to give I(z). It is
this I() which must be used to determine a temperature from the cali-
bration curves shown in Figs. 7 and 8.

Experimental Procedure

The procedure used in the experiments may be simply stated as
follows:

1. After the arc jet was started and allowed to stabilize,
the data for an energy balance were recorded.

2. The traversing mechanism was then used to obtain lateral
profiles of both continuum and line intensity at a given
plane along the jet axis. The procedure consisted of setting
different positions across the jet and scanning over about a
20-A range so that the complete spectrum line was obtained
at each position. AThe continuous radiation on the short wave-
length side (4150 A) was used for the continuum radiation
profiles. Continuum profiles were also obtained by a con-
tinuous traverse across the jet with the spectrometer set at
a constant wavelength.

3. The plasma generator was moved along its longitudinal axis,
and procedure 2 was repeated to obtain intensity profiles at
different planes along the jet axis.

4, The lateral profiles so obtained were plotted and normalized
and then numerically inverted to radial profiles by a direct
solution of Eq. (14) using an IBM-7070 digital computer.
The radial profiles were also normalized and plotted, and
from these curves the temperature measurement was made
by cross reference between the radial profiles and the peak-
ing functions.
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RESULTS AND DISCUSSION

DATA OBTAINED FROM ARGON PLASMA

Data were obtained, using the procedure described, for many dif-
ferent operating conditions of the plasma generator using argon. Four
sets of data are presented in this report to demonstrate repeatability,
to show the dependence of the temperature with enthalpy and orifice
material, and to demonstrate that self-absorption can be neglected. The
four sets of data are given in Figs. 10 through 13; the data inFigs. 10, 11,
and 12 differ only in the operating conditions of the plasma generator.
The operating data are given in Table 3.

Consider first Fig., 10a, an example of the method of temperature
determination. Shown in this figure are the experimentally determined
lateral intensity profiles for both the spectral line emission (4158 A )
and continuum emission (~ 4150 A) after normalization, the inverted
radial intensity distributions (also normalized), and the temperature
profiles which result from a cross plot of the radial distributions and
the peaking functions.

The most notable attribute of both the spectrum line and the contin-
uous intensity radial profiles is the off-center peaking. If temperature
is assumed to be a monotonic function of the radius with a maximum
temperature occurring at the center of the stream (and this seems to be
the only plausible assumption), then the off-center peaks must be asso-
ciated with the peaking function curves (Figs. 7 and 8), and the tempera-
ture at the point in the stream where the maximum intensity occurs must
be Tom. Thus the values of 1(r) to the left of the peaks in Fig. 10a must
correspond to values of temperature to the right of the maximum on the
peaking function curves (temperatures greater than T,,), and values
of I() to the right of the peak must correspond to values of temperature
less than Tom . Radial profiles of the excitation temperature were deter-
mined from a cross plot of Fig. 7, the spectral line peaking function,
and the radial distribution of line intensity; the temperature plot is shown
at the bottom of Fig. 10a.

The continuum intensity profiles were very similar to those obtained
for the line intensity and also had one off-center peak. Thus, the tem-
perature determination procedure was very much the same except that
the peaking function of Fig. 8 was used. The electron temperature pro-
file determined from the continuum intensity data is also shown in Fig. 10,

When the excitation temperature profile was compared with the elec-
tron temperature profile, it was found that the two temperatures deviated
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by no more than 10 percent at the jet center and by no more than 2 per-
cent over most of the profile.

Data for various planes of measurement and power levels of the
plasma generator are shown plotted in the same manner in Figs. 10b,
11a, 11b, 12a, and 12b as was shown in Fig. 10a, and the same reason-
ing was used to obtain the temperature profiles. Figures 10a and b were
obtained for the same jet at two planes along the axis, Fig. 10a at a
distance 6 mm from the orifice exit and Fig. 10b at a plane 19 mm from
the orifice exit. The temperature obtained for the downstream plane
(z = 19mm) was slightly less all across the profile than the temperature
at the z = 6-mm plane. Also, it can be seen that the temperature obtained
using the spectral line data agrees more closely with that obtained using
the continuum emission data for the downstream plane. This is perhaps
an indication of a closer approach to equilibrium between electrons and
excited atoms at the downstream plane.

The data shown in Fig. 11 were taken at nearly the same generator
operating conditions but at a different time and using a copper orifice
electrode instead of a carbon electrode. The data are not significantly
different from those in Fig. 10. The data shown in Fig. 12 were taken
at about one-half the power level used for the data in Figs. 10 and 11.
However, it can be seen that the resulting temperature profiles are,
again, not very different from those obtained using higher power levels.
The reason for this apparent discrepancy will become clear in the dis-
cussions to follow. (The reason for the deviation shown between excita-
tion and electron temperature in Fig. 12b at the extremity of the jet is
not known.)

SELF-ABSORPTION

The possibility that self-absorption influenced the measurements
was also explored. The data presented in Fig. 13 were taken to show the
effect of the self-absorption. For this measurement a plane mirror was
placed above the plasma flame (Fig. 6) and adjusted until a light passing
from the spectrometer through the collimating aperture was exactly
reflected back through the aperture. Spectral data were then obtained
with the mirror covered and with it uncovered; the data for the spectral
line are shown in Fig. 13a and for the continuum emission, in Fig. 13b.
In these plots, the experimental measurement (normalized at the maxi-
mum of the data taken with the mirror uncovered) is shown at the top.
The radial profiles are shown in the center and were normalized at the
off-center peaks. The temperature is shown at the bottom of the graphs
and was obtained by the method used to obtain the temperature profiles

22



AEDC-TR-6]-]6

shown in Fig. 10a. The significance of these results is that no evidence
of self-absorption could be detected because practically the same tem-
perature profiles were obtained with and without the mirror,

DISCUSSION OF THE MEASUREMENT OF ARGON PLASMA TEMPERATURE

The agreement between the excitation temperature of the neutral
argon atom and the temperature of the recombining electrons demon-
strated by the data presented leads to the belief that the two processes
which gave rise to the spectral line and continuous radiation were near
equilibrium. Thus it appears that the distribution of the excited states
of the neutral argon atoms was very nearly Maxwellian and also that the
velocities of the free electrons were distributed in a Maxwellian fashion,
The fact that two of the possible distributions of energy within the gas
appeared to be equilibrium distributions is an indication that the remain-
ing energies, such as translation energy, might also be distributed
according to the equilibrium law and that the different forms of activity
might be in equilibrium with each other. The measured value of tem-
perature would then be the thermal temperature of the gas.

At equilibrium the distribution of neutral and ionic species is given
by the Saha equations which were used to determine the species concen-
trations (Appendix B). Figure 14 is the result of a cross plot of the
electron temperature profiles (Figs. 10a and b) and the species concen-
trations (Fig. B1l) to give particle density profiles of the jet at the two
positions of measurement. Note that if the velocity of the jet between
the two positions along the axis were known, it would be possible to deter-
mine recombination rates of the electrons and ions.

APPLICATION TO HELIUM PLASMA

Experiments similar to those described above were made using
helium as the working gas. The maxima for the helium peaking func-
tions occur at about 25, 000°K. When the radial inversion was made on
the lateral profiles obtained from the helium jet, the off-center maximum
did not occur. It was concluded that the temperature at the jet center was
less than 25, 000°K and that thus the calibration point could not be defined.
The peaking function method could not be used for the helium plasma for
this reason.
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EVALUATION OF THE MEASUREMENT

TEMPERATURE COMPARISON

The problem remains of interpreting the measurement of the tem-
perature profile of the argon jet in the light of other known data. The
first discrepancy in the temperature measured by the spectrometric
method was found in the comparison of the temperature profiles in
Figs. 11 and 12. Although the power to the gas differed by a factor of
two, the measured temperature profiles were practically identical.
Another discrepancy appeared when the average temperature from the
spectrometric data was compared with the average temperature deter-
mined from an energy balance. Figure 15 is a plot of temperature vs
specific enthalpy of the gas as determined from an energy balance over
a large range of plasma generator operating conditions (Ref. 1). From
Table 3 the specific enthalpy for the data in Fig. 10 determined from the
energy balance is 630 cal/gm, which corresponds to an average tempera-
ture of 5000°K from the caloric equation of state or 3200°K from the
equation of flow through an orifice of a perfect gas (Ref. 1). Comparison
of these values with the average temperature shown in Fig. 10a reveals
that the temperature determined by the spectrometric method is larger
by a factor of three or more. Clearly, then, the spectrometric meas-
urement must be examined more thoroughly.

ENTHALPY COMPARISON

Temperature alone is not a sufficient parameter for comparison
because of the distribution of the energy in an ionized gas into the various
ionization and excitation states, as well as translational energy, and also
because of the density distribution across the stream. It would seem
logical to compare the total enthalpy determined from the spectral data
with that obtained from the energy balance. The specific enthalpy,
specific heats, and species concentrations of a gas at a given pressure
can be calculated as functions of temperature (Ref. 18). This calculation,
however, is a very tedious one because of the summation of states and
electronic energy over a large number of quantum states. The funda-
mentals of the calculation are given in Appendix C, and the specific
enthalpy of the argon species is given as a function of temperature in
Fig. C-2. These calculations were made using a large digital computer,
and the results were used to determine the total stream enthalpy from the
temperature as measured using the spectrometric method.
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A
To determine total enthalpy, the integral [ pvh*dA must be evalu-

ated, where p is the mass density, v is velocity, h* is the specific
enthalpy, and dA is the elemental area. Now p, the particle density, and
h* for any temperature were known as functions of the radius, r, so that
p () and h*(r) could be determined. However, the velocity distribution was
unknown, and resort was made to an assumption of the dependence of v().
It was assumed that the Mach number was constant across the stream so

that v« VT , and since (pv)avg was known from the gas total mass flow,
a scale for the (pv) distribution could be determined. In this way pv() as

3 3 R
as a single function was found, and the integral [ (pv)h*.(27rdr) was evalu-
[}

ated. The procedure is illustrated in Fig. 16, and the numerical values
are shown for the data presented in Fig. 10a. The final answer was ob-
tained from the area under the curve of pvh* vs =, which gave

7, 225 cal/sec as the total energy of the gas stream.

Comparigon of the spectrometrically determined enthalpy with that
from the energy balance (2390 cal/sec) clearly shows that the tempera-
ture determined from the spectrometric data must not be the average
temperature of the gas. It is apparent that a similar treatment of the
data of Figs. 11 or 12 would yield the same relative result. The physical
situation must therefore be re-examined to seek an explanation for this
discrepancy.

JET STRUCTURE

Many explanations of the energy transfer mechanism within a Gerdien-
type arc plasma generator have been presented (Ref. 19). Most of these
assume that the arc or electron current path is maintained within the arc
chamber or orifice electrode as shown in Fig. 17a. However, if the
current paths were to extend beyond the orifice and were in some way to
return to the positive electrode, as suggested by Fig. 17b, then a great
deal of collisional activity would be occurring in certain portions of the
jet, while the remainder of the jet would not be disturbed at a particular
time. This erroneous spectrometric temperature measurement might
be explained because most of the radiation would be produced in the high
energy arc channels. A detailed investigation of the electrical structure
of the jet was made and is reported in Ref. 20.

The first attempts to study the possibility of arc paths outside the
orifice consisted of taking very high speed photographs (=500, 000 frames
per second) of the jet in an effort to define a single arc channel, which
was assumed to be moving around at random at high frequency. No such
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definition of an arc channel could be obtained, even on pictures taken at
near 600, 000 frames per second using a drum-framing camera. The
conclusion from these results was that if the current paths did exist,
they were not defined in narrow channels or else were occurring at a
very high frequency.

A second method of study utilized various electrical probes which
were inserted into the stream. The most significant result was obtained
by inserting a length of 1/4-in. -diam tungsten into the stream in an effort
to split the current between the positive electrode and the probe by pro-
viding a lower resistance path for the current flow. The electrical
schematic is shown in Fig. 18. It was found that approximately 10 per-
cent of the total current could be drawn through the probe path when the
probe was very near the orifice exit and that as much as 5 percent could
be drawn near the tip of the intense cone (19 mm). The three currents -
probe, negative electrode, and positive electrode - were measured by
shunts and millivolt bridges. When the probe was inserted, the current
through meter 2 decreased by just the amount of increase of meter 1
while the total current through meter 3 did not change. This experiment
offered positive indication of the existence of current paths downstream
of the orifice.

Other types of probes were also used to add to the information con-
cerning the atmospheric jet. A double probe (Ref. 20) was used to show
a reversal in polarity of the potential as the probe was inserted into the
stream. This result indicated a loop structure such as hypothesized in
Fig. 17b. A Langmuir probe study showed the departure from equilib-
rium of the electron velocity as the probe was inserted deeper into the
stream. Several other studies which support the extendcd arc hypothesis
are described in detail in Ref. 20.

EVALUATION OF TEMPERATURE MEASUREMENT

A plausible explanation can now be made for the disagreement between
the spectrometric and energy balance measurement of temperature. The
spectrometric method of temperature measurement presented is valid.
Also, it has been established that electric arcs exhibit equilibrium be-
havior and that a temperature can be ascribed to an arc. The difference
is that the luminous gas stream to which the spectrometric method is
being applied consists partly of an undisturbed hot gas and partly of an
electric arc at any one instant of time. The electrons and gas atoms
within the current path are emitting freely and are at essentially the elec-
tron temperature. However, the gas atoms that are not within this small
high energy path are at much lower temperature and are not emitting
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- appreciable radiation. The apparent temperature measured spectro-

metrically is thus a correct measurement for the freely emitting species,
but it is only applicable to a small portion of the gas stream and does not
represent an average temperature of the entire gas jet.

EVALUATION OF THE ATMOSPHERIC PLASMA JET FOR GAS KINETICS RESEARCH

The hot gas jet produced by the Gerdien-type d-c arc plasma gener-
ator used here is not adequate for gas kinetics research because the jet
consists of an extended arc in a state of instability through which the gas
flows. A single temperature cannot be ascribed to this jet, and a non-
equilibrium state exists. The temperature measured by the spectro-
metric method seems to be a valid measurement of the electron tempera-
ture within the arc but is not the gas temperature. The problem then is
to determine whether some other configuration of the generator can pro-
vide the characteristics required of the gas source.

One solution to the problem would be to contain the arc within the
arc chamber of the plasma generator by a suitable design of electrodes.
Many designs of electrode configurations have been made which effec-
tively contain the arc (Ref. 19). None of these are of the Gerdien type.
However, the possibility of non-uniform heating would need to be investi-
gated. Data have not been published to show the uniformity of the hot
jets produced by the various configurations.

Another possible solution would be to provide a plenum chamber
between the orifice electirode and an exit nozzle. Such a plenum was
tested at AEDC. A large amount of energy was lost to the walls of the
plenum chamber, and the intensity of the exit jet was not sufficient to
allow spectrometric measurements.

A third method which might provide a suitable gas source for use in
studying the kinetics of high temperature gas flows is that of expanding
the jet into a low pressure region and utilizing the expanded stream.
Such a low pressure test cell has been built (Fig. 19), and a plasma gen-
erator has been exhausted into low pressures on the order of 0. 2 to
2 mm Hg. The expanded plasma flame shown in Fig. 20 illustrates the
region which could be used for the kinetics measurements.

The electrical probe measurements made for the atmospheric jet
were repeated for the expanded stream (Ref. 20). The results showed
that the blown arc region is contained within the small hot core near the
orifice but is not blown downstream more than about 25 mm. Furthermore,
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Langmuir probe measurements showed that the electron velocity distri-
bution in the expanded jet was essentially Maxwellian and that electron
temperatures were on the order of 4000 to 8000°K. It was concluded
that the expanded arc jet should provide a satisfactory high energy gas
source for gas kinetics measurements.

The peaking function method of temperature measurement used for
the atmospheric argon jet depends upon the existence of a temperature,
at some place in the jet, in excess of 16, 000°K. These criteria were
satisfied in the atmospheric jet because of the high electron tempera-
tures. However, at low pressures the temperature of the expanded jet
is much less than 16, 000°K, and the peaking function method is not appli-
cable. Thus, new spectrometric methods must be developed for meas-
uring the temperature of the expanded jet.

CONCLUSIONS

The d-c arc plasma generator using the Gerdien-type electrode
configuration provides a useful hot gas radiating source for use in devel-
oping spectrometric measurement techniques. The ''peaking function"
spectrometric method of measuring the temperature of the hot gas source
was found to be a very useful and convenient tool, provided temperatures
in excess of the calibration temperature existed in the jet (16, 000°K for
argon); the range of measurement was then from 7000 to 28, 000°K for
argon plasma.

The temperature measured at the center of the argon plasma jet
exhausting to atmospheric pressure was found to be approximately 18,000°K
when the spectrometric measurement method was used. The measurements
were found to be repeatable, and it was shown that self-absorption could
be neglected. The temperature measured from spectral line intensities
was found to agree very well with measurements obtained using the con-
tinuum intensity. However, it was shown that the temperature in both
cases was actually the electron temperature rather than the average gas
temperature. Furthermore, it was shown that the atmospheric jet con-
tained blown arc paths which were responsible for the high temperature
measurement; the actual average gas temperature was found by an energy
balance to be less than the temperature determined by the spectrometric
method by a factor as high as three.

Values of the electronic partition function, the thermodynamic prop-

erties, and the species concentrations of argon and helium over the tem-
perature range from 5000 to 50, 000°K were calculated during these studies.
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These data will be quite useful for any studies involving argon and helium
gas at high temperature.

It was concluded that the atmospheric jet from the Gerdien-type
generator cannot be used as a gas kinetics research tool because of the
complexity of the electrical structure in thé jet. However, at low pres-
sures the expanded portion of the jet produced by the same electrode
configuration was found to be free of such current paths and should pro-
vide an adequate hot gas source.
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TABLE 1

AEDC-TR-61-16

NORMAL RANGE OF THE OPERATING VARIABLES FOR THE

PLASMA GENERATOR USING ARGON

Voltage 25 - 75 volt
Current 30 -~ 1000 amp
Power 2 - 60 kw
Gas Flow 1 - 20 gm/sec
Arc Chamber Pressure 1-8atm
Efficiency 60 - 90 percent ( tQ_tilof;W;;"W;;osses>
Orifice Diameter 4 - 12 mm
Arc Gap 3 -6 mm
Contamination less than 0. 05% by weight
TABLE 2

PROPERTIES OF ARGON

Atomic Number

Atomic Weight

Density (0°C, 1 atm)

Ionization Potentials - First
Second
Third
Fourth

18
39. 96

4,784 gm/1it
15. 76 volt
27.62 volt
40. 90 volt
59. 8 volt
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TABLE 3

OPERATING CONDITIONS OF PLASMA GENERATOR USED WHEN MAKING SPECTROMETRIC MEASUREMENTS

1 2 3 4

tin i
Operating Point Fig. 10 Fig. 11 Fig. 12 Fig. 13
Power - kw 12.50 11.13 5.85 9.03
Gas Flow - gm/sec 3.80 3.20 3.02 4,87
Chamber Pressure - atm 1.83 1. 47 1.29 1.81
Efficiency - % 80 61 64 72
Specific Enthalpy - k-cal/kgm 630 510 297 321
Type Orifice Electrode Carbon Copper Copper Copper
Temperature - °K
(Caloric Equation) 5200 4363 2665 2859
Temperature - °K
(Flow Equation) 3200 2800 2000 2100
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Fig. 20 Photograph of the Expanded Plasma Stream
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APPENDIX A

CALCULATION OF ELECTRONIC PARTITION FUNCTION

The electronic partition function, U,, appears in the Boltzmann
energy distribution function which plays an important role in the formulas
for spectral line intensities and also in the generalized Saha equations for
species particle densities. It is expressed as

U = 3 g, ,ox (_. Peyn) (A1)

kT
where the subscript r refers to the r*h state of ionization, g, , is the
statistical weight of the n*" guantum energy state, E;,, and is given by
8:,n = 2J, , + 1. J,a is the orbital quantum number of the n** state, k is
the Boltzmann constant, and T is the absolute temperature. Numerically,
the equation is

< [2] E n
U = % g, no*P (— 1.439 -——’—'T ) (A2)
where E, , is expressed in em . and T is in °K. The summation must be
taken over all the existing electronic states, and the major problem of

this calculation is in this summation.

The energy of the n = 0 state is zero, and at temperatures less than
about 12, 000°K, the exponential terms for the neutral atom of argon differ
from unity by less than 0. 1 percent. For this reason,the partition func-
tion and the statistical weight (multiplicity of the first quantum level) are
usually taken as being the same; that is, U, = g, 0" However, for higher
temperatures, the summation of exponential terms begins to be appre-
ciable and must be considered in the calculation. For the ionized species
of argon where E; , is much larger thank,, ,, the exponentials become
appreciable, even at temperatures on the order of 5000°K.

If only the quantum energy states of atoms are considered, the sum-
mation of states, Eq. (Al), will not converge because there are an infinite
number of energy states. In the actual case, the atom ionizes at some
quantum level rather than proceeding to a higher quantum state. This
gives justification, therefore, to cutting off the summation at some level,
n = i. The difficulty arises in the choice of the cutoff level, i. Several
criteria have been suggested for this choice, but so far they have been no
better than an arbitrary choice. It suffices to say, for this work, that an
arbitrary choice of 30 terms from the Bureau of Standards tables (Ref. 16)
was used. The choice was based on a broad survey of the literature and
seemed to represent a mean of the criteria used. The partition functions
so calculated for argon are given in Fig. Al for the neutral atom and five
ionizations.
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APPENDIX B
CALCULATION OF SPECIES CONCENTRATIONS

For the case of a perfect gas in a state of thermal equilibrium, the
equilibrium constant for the reversible reaction

Ar = A;pp + e = Vi (B1)
where A; is the initial particle, A;+1 is the next higher ionized particle,

e is the free electron liberated, and V, is the ionization energy, is given
by

Netva Ne _ (‘/_2H;E)3 2U0p+1 Ts/2 exp(-— V') (B2)

N, h U, kT

In Eq. (B2), Nr+1, Ny and Ne are the particle densities of A;;1, Ar,and e,
respectively; m. is the electron mass; k is the Boltzmann constant; h is
Planck's constant; U;;; and Uy are the partition functions of the A,,; and
A species, respectively; T is the absolute temperature of the gas; and V,
is the ionization potential required for the reaction, Eq. (Bl). If r
ionized species of an atom are to be considered, then r equations of the
type, Eq. (B2), can be written. The equation of state for the perfect gas
may be written

DNy =Nt Nk e 4 Neoe ot Ne (B3)

where p is the pressure. Also in an equilibrium gas the net charge must
be neutral so that

Ne = N, + 2N, + »«« + Ny + -+ (B4)

Equations (B2), (B3), and (B4) make upr + 2 equations, and there are
r + 2 unknowns so that the set can be solved for the particle densities of
all species and the electrons.

The equations necessary for the calculation of the first five ioniza-
tions of argon are as follows (r = 5 was chosen so that calculations would
be accurate up to 50, 000°K):

N = 5 Co (BS)
N,

N = G (B6)

N, = g C, (B7)

Ny = Ss G, (B8)

N, = z c, (B9)

o
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P
)
It

N, + 2N, + 3N, + 4N, + 5N; (B10)

|

P = No + N, + N, + Ny + Ny + Ny + N (B11)

The parameters C are given by

U 32 v,
Cr(T) = 4.8 x 107 —tFEL_T" exp (- 5040 T) (B12)

r

where T is in °K and V; is in volts. An IBM-7070 digital computer was
used to solve this set of nonlinear algebraic equations for the species
concentrations. The calculating procedure was

1. Select a value of T.

2. Calculate the values of C; for that temperature using values
for the partition functions from the calculations of
Appendix A.

3. Using values of the species concentrations for the previous
temperature as estimates, iterate until a solution is
obtained.

4. Print out T and all N values, and proceed to a new value
of T.

The species concentrations for argon for p = 1 are shown in Fig. Bl.
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APPENDIX C

CALCULATION OF SPECIFIC ENTHALPY

The energy of a gas consists of translational, rotational, vibrational,
and electronic portions (see Ref. 18 for a more complete treatment).
The translational energy of a group, N;, molecules, ér " as determined
from kinetic theory, is

& = 3 Nk (c1)

where T is the absolute temperature and k is Boltzmann's constant. For
monatomic gases, the rotational and vibrational states do not exist, and
the electronic energy is divided among electron quantum states, each
with energy, E; n. At equilibrium the Maxwell-Boltzmann distribution
law relates the number of atoms of the species, r, in the n* quantum
state, N;, n, to the number in the ground (E; , = 0) state, N, o,

Nr,n = Nr, o exp("' _E'iT’—n) (C2)

The total number of atoms per cm’ of the rth species, N;, is then
Er n
Nr:Nr,oE:gr,nexp (" —kLT_'—) (C3)

where g, , is the multiplicity of the level, E;, n. The total energy in the
electronic states is the sum of the product of the state times the number
in that state,

. E
ér =§Nr,nEr,n=Nl"0§ gr,nEr,nexp (— -L—'Tn) (C4)

or, substituting for N;, , from Eqg. (C3) into Eq. (C4)

E
2 gl‘,n Er,nexp <... l‘k,Tn>

o, Lo B [0 -
Now, because the denominator is only the partition function,
U= 2 g e (- )
Eq. (C5) can be written
& = 3t Traee (- Epn) (C6)

Equations (C1) and (C6) give the total translational and electronic
energy above a reference temperature (absolute zero in this case),
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respectively, of a monatomic gas consisting of a group rE N; molecules.

The ionization energy, é,i , must be added also to account for the energy
required to form the species, r. The total energy contained by the
Nr molecules is then

értotal =értr +C’C;re +éri (C7)

Dividing Eq. (C7) by N; and substituting for the energy terms

L total
ota > 1 Er n i
erttl=§lt\l—t-—=i2kT+ Ur?gr,nEr,nexp (——k’,—f—)+er (C8)
This is the total energy per molecule or specific internal energy of the
species r. The specific enthalpy, h*, is related to specific internal
energy by e = h* —~ kT and is expressible as

hrtotnl o~ 57 kT + é E gr,n Er,nexp (-— i}ilT—n) + eri (Cg)

T

All the thermodynamic properties of a monatomic gas can be evalu-
ated from Eqgs. (C8) and (C9). The specific heat per molecule at con-
stant volume, c,, of the r species is given by

2 E
d total 3 1 E g!‘,n (Er,n)exp<— ll‘tTn>
cy = — \er = 2k + - -
aT 2 kT r,n

E‘gr,nexp (" kT)

I:E’ B, nexp <_ —%”’FLH (C10)

and the specific heat at constant pressure, c¢p, is given by
total
cp=—a~(hr° )= cy + k (C11)

It suffices here to calculate h '°**! for each of six species of argon. The
ionitzation energies e;' are given as follows where the energy units are

ecm per particle.

6ol = 0 e, = 329,966
el = 127,110 et = 482,400
e,l = 222,820 ey’ = 605,100

The results of the calculation of the specific enthalpy of argon are shown
in Fig. Cl. Spectrometric units were used for the energy terms because
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these are the convenient units for our purposes.

A convenient conver-
. . -1 - 24
sion factor is cm times 4.75 x 10

equals calories. To calculate the
average specific enthalpy for a gas at a given temperature, the species

concentrations (see Appendix B) must also be known. Then
(C12)

where N; is obtained from Fig. Bl.

The average specific enthalpy is
shown in Fig. C2.

63



¥9

- 55x103

9l'l9‘H.L‘DGEIV



<9

AVERAGE ENTHALPY, cm™ /particle

T

cm' /particle

| | | | I |

1
o
AVERAGE ENTHALPY, cal/gm

1 ] |
15 20 25 30 35 40 45
TEMPERATURE, °K

Fig. C2- Average Specific Enthalpy for Argon at High Temperotures

50

91-19-dL-D0a3yv



